The topography of a surface is known to substantially affect the bulk properties of a material. Despite the often nanoscale nature of the surface undulations, the influence they have may be observed by macroscopic measurements. This review explores many of the areas in which the effect of topography is macroscopically relevant, as well as introducing some recent developments in topographic analysis and control.
Those few materials whose surface is atomically flat are of great use to scientists and for certain technological applications; however, the majority of materials have a surface landscape made up of undulations and even perhaps steep gradients and pores. These constitute the topography of the surface, a property that is often difficult to define by a few simple parameters but nevertheless can have a considerable impact on a material's performance. Such importance reflects the surfacespecific nature of many properties: the ability to adhere to another material, optical properties, or tribology, for example. Issues of topography are perhaps particularly pertinent in the case of soft matter. For instance, the size of typical topographic features may be comparable with the molecular dimension and, for some technologies, with the thickness of the soft layer itself. Soft matter allows the use of a number of specific methods to manipulate topography, and in the kinds of applications in which soft matter is employed, the topography is often of specific importance. For example, for food packaging, a compliant adhesive layer might be used to smooth the surface of a polymer substrate before the deposition of a gas barrier layer (1) . Similarly, the electro-optical behavior of thin films of polymers used in electronic devices has been shown to correlate with their topography (2, 3) .
The correlation between surface structure and properties is important within two broad areas of considerable recent interest in materials science. The first is in the realm of biological and biomedical materials, in which the shape of a surface controls its interaction with biological components; for example, whether bacteria will grow on a particular surface-a subject of interest to anyone who wishes to keep surfaces hygienic or their teeth clean! The second important developing area is that of nanocomposites and nanostructured materials, which frequently combine soft matter with metals or ceramics for applications as diverse as electronics, packaging, and information storage. When combining materials on scales in the range from 10 nm to 1 m (and these include many that are found in biology), the interface becomes of substantive importance to the materials' performance; and the topography of the interface, or the surface as a precursor to an interface, may be on a comparable scale to that of the nanostructured material.
The Origin of Topography
Topography may be induced at the surface of soft matter by its inherent relaxation or, more actively for example, by the exploitation of mixtures of materials, mechanical roughening, chemical patterning, or even electric fields.
When allowed to relax at its surface, soft matter will form surface undulations, known as capillary waves, as a result of the inherent entropy of the system balancing the increased energy of the greater surface area (4). The relatively low surface energy of molecular materials combined with their compliance makes such an effect important in soft materials. The addition of an electric field can lead to electrohydrodynamic instabilities and consequent patterning of a viscous polymer film (5) .
One example is shown in Fig. 1 , where a thin polystyrene film [capped with an ultrathin (flexible) Al layer as an electrode] has dewetted an Al-coated substrate after application of an electric field of strength 5.7 ϫ 10 7 V m Ϫ1 (6) . One possible application of layers that have artificially induced topography such as this might be the creation of antireflective coatings in which the roughened surface scatters the reflected light (7) . Where block copolymers are used, such nanopatterning may be controlled by the phase structure resulting from two-dimensional (2D) viscous flow as the structure orders, and it also may be influenced by the topography of an underlying substrate (8) . Electric fields may also influence the patterning formed in these copolymer systems (9) . Similarly, thin films of blends may be exploited to produce a surface topography resulting from phase separation processes (10) . In addition, chemical patterning of a surface may lead to preferential phase separation to induce nanopatterning in the topography of a subsequent layer (11) . Many impressive structures have been reported, and the whole area of nanopatterning, nanolithography, and self-organizing layers is an area of current great excitement. We await further developments in the practical exploitation of such systems and in the degree to which they may be controlled on a more substantial scale.
In molecular matter, including polymers, the molecular size itself might be expected to influence the topography. Molecules will tend to coil into bundles with an associated radius of gyration, R g , and even within an entangled system, the undulations that form on the surface of the material on molecular relaxation have been found to be associated with the molecular size (R g ) in both simulations and experimental measurements (12) .
Where there is more than one phase at, or close to, the surface, the surface topography will be influenced by the multiple phases. One example of this is semicrystalline polymers. Figure 2 shows atomic force microscopy (AFM) images of a crystallizable polymer, poly(ethylene terephthalate) (PET), that has been spin-cast onto a glass substrate. The resulting amorphous surface is rather flat ( Fig. 2A ), but subsequent annealing to form the semicrystalline material results in distinct roughening of the surface (Fig. 2B) (13) . The molecular rearrangement required for crystallization, coupled with the relatively rigid nature of the crystals themselves, give rise to the resulting topography. Very careful examination of biaxially drawn PET films (14) has revealed a comparable topography, with features in the surface profile that can be associated with crystals, although study of biaxially drawn PET with various force microscopies has given no evidence for the crystals directly penetrating the surface, suggesting that it is the subsurface that is controlling the topography in this case.
The effect of multiple phases is at least as important to the topography when inorganic material is mixed with a polymer to form a composite. The effect is exploited by users of AFM and scanning electron microscopy (SEM) to distinguish the phases in composite systems, although more definitive analysis may be made by careful use of the microscopes to distinguish the phases using phenomena other than the topography, such as analysis of the backscattered electrons and the difference in fracture behavior in SEM, as well as the use of various oscillating tips or lateral force modes in scanning force microscopies.
It has long been established that the manner of processing will affect the surface finish of a component, in the more severe cases manifesting itself on a scale visible to the naked eye. The simplest case is perhaps one where the surface finish reflects the profile of a mould or die wall, but rheological effects such as the formation of "sharkskin" in extrusions are also of great importance. The considerable knowledge and experience of such phenomena are beyond the scope of this paper to discuss, but good reviews may be found elsewhere (15) (16) (17) (18) .
Topographic Analysis
The topography of a particular surface is measured by some kind of profilometry. This may be mechanical, in which a probe is passed across a surface, following its contours, and the height of the probe at any particular point is recorded. Obviously, the size of the probe will determine the size of the surface features that may be distinguished, and for smaller scale analysis, AFM may be used. For soft solids, it is important to minimize the force exerted by the tip on the sample to limit the deformation of the topography by the measurement. Optical profilometry may be exploited, in which the surface will not be deformed, but the applicability of this method depends on the surface reflectivity and the limit of the resolution of the radiation of choice.
Profilometry can generate an image of the surface height, but it is frequently important to extract some characteristic parameters to define the surface, and any number of analyses may be envisaged. In all cases, the value of any parameters will depend on the size of the area measured. Just as the size of a probe limits the size of small features that can be detected, if too small a sample area is studied, it is likely that features on the surface that are larger or have a large periodicity will be overlooked.
Perhaps the most frequently quoted parameter is the root mean square (rms) roughness (that is, the rms height of the surface around some mean value), but this does not take any account of the distance between the features on the surface; for example, a surface with a few high-amplitude features may have the same rms value as one with many low-lying features. Similarly, it does not reflect any anisotropy in the topography. 2D analysis may be carried out by Fourier transform (FT) analysis, for example, but a 2D autocorrelation function (ACF) (19) has been found to be preferred for amorphous systems. FT or ACF analyses will characterize the surface more fully than the rms value. The 2D ACF is given by
where (x, y) is a profile function defined on the surface (x, y), and the denominator is a normalization factor. It thus compares the height at point (x, y) with that at some second point (xЈ, yЈ) and maps this comparison as a function of the distance between them. Thus, the initial decay (which might be fitted to an exponential function to give a characteristic correlation length, 1 ) in the ACF reflects any local shortrange correlation in the structure, and any undulations in the surface with an approximately uniform spacing will give rise to oscillations in the ACF. The first maximum in the ACF will be at a length associated with the distance between features in the topography (20) . Assuming that the topography is not totally regular, these oscillations will decay with distance [(x 2 ϩ y 2 )
], leading to a second correlation length, 2 . Such analysis has been applied to a study of the roughness of polystyrene after molecular relaxation on annealing (12) , and it showed good agreement with computer simulation re-sults and a correlation between the radius of gyration of the molecule and 2 .
Other related analyses have included Fourier index analysis (21) , giving a power spectrum of the frequency with which features of a certain size appear in the topography, and fractal analysis, which considers the importance of the scale of measurement with regard to the structural characteristics: the rms height obtained at several different "magnifications" of the AFM versus scan size on a double logarithmic scale is linear for a fractal surface with a fractal dimension that depends on the gradient (20, 22) .
Properties
Adhesion. The ability of one surface to adhere to another depends on a number of factors, such as the degree of chemical interaction between the two components, the proximity, and the area of contact. For the latter two factors, there is clearly a dependence on the topography of the surfaces to be joined. Correlation between the fractal properties of the surface and the adhesion strength has been demonstrated for polymer composites. If some kind of adhesive or coating is to be used that is applied as a liquid or semisolid, the degree to which the adhesive may spread across the surface and fill the crevices of the surface will depend on the interfacial energies and the topography of the solid surface(s). Thus, the preparation of a surface for bonding is found to be of crucial importance to effect a good macroscopic bond. There are two primary goals of good surface preparation: removal or introduction of chemical species for improved chemical interaction (such as cleaning the surface of grease spots, plasma, or corona discharge treatments) and roughening the surface to the correct degree. Treatments such as plasmas (23, 24) , corona discharge (25), ultraviolet exposure (26), or photochemical reaction (27) are also thought to play a role in roughening the surface.
Gloss. The optical finish or gloss of a surface is directly linked to its topography. Gloss has been described as a geometric attribute of surfaces that "causes them to have a shiny or lustrous appearance" (28) . A surface's gloss is considered to be the proportion of incident light that is reflected at the specular reflectance angle of the mean plane of that surface. The local specular reflectance for unpolarized light, R s , is predicted from the Fresnel formula
where n is the sample refractive index and i is the angle of incidence. Thus, variations in refractive index in the plane of the surface and the topography (and hence the local angles of incidence) both affect the gloss. The conventional wisdom that resulted from early work on gloss (29) led to the overall rms roughness () being related directly to the gloss of a surface (the relative reflectance R)
where i is the angle of incidence of the gloss measurement and is the wavelength of incident light. This relation has since been extensively quoted and applied (30) (31) (32) . However, it does not take into account in-plane distribution of the various undulations of the surface, which necessarily determines the light scattering, particularly where the spacings are comparable to the wavelength of the incident light. One example where the measured gloss of the surface is not directly related to the rms roughness is given in Fig. 3 , as the two surfaces shown have very similar rms roughness values but very different gloss (33) .
A more rigorous analysis of surface scattering of light has been made by Whitehouse, who considered the case of diamond-machined steel surfaces (34) . For a 1D case, the scattered intensity I() is expressed in terms of the autocorrelation function A() of the surface where R is the reflectance of the sample, is the distance on the surface between two points, is the angular frequency, k is the wave number, f is the focal length of the incident radiation, and is the rms height of the surface. A 2D analysis of the optics has been carried out by Ogilvy (35) . Whitehouse concluded (34) (for undulations with length scale greater than the wavelength of the incident radiation) that the surface appeared glossy if the probability density of the slopes on the surface was strictly confined to a narrow angle.
Biocompatibility. Finally, biological interactions with a surface have also been found to depend on its topography. A good review of the topological control of cell adhesion and activity on a surface has been made by Curtis and Wilkinson (36) , and a more general review of the role of polymer biomaterials may also be found (37) . Such considerations are relevant for a number of in vivo and in vitro applications, such as biological sensors, hip replacements (38) , and more complex tissue implants such as replacement bone, where the growth of cells within the artificial structure is to be encouraged. For example, the size and morphology of crystals at the surface of octacalcium phosphate-coated collagen have been shown to affect the interaction of cells with the surface, as illustrated in Fig. 4 . The larger scale topography was found to lead to less favorable spheroidal cells that formed fewer intercellular connections (39) . In some cases, the topography of a surface may be carefully controlled to promote cell adhesion (40, 41) .
Conclusion
The topography of a surface is a direct result of the nature of the material that defines it.
The analysis of the topography of a sample, made possible on the nanoscale by the development of AFM techniques, needs to be carefully considered in order to relate the complexity of a 2D surface to the material's properties. The result will be the better control of a number of properties, such as optical finish, and of the interaction of a surface with a secondary material, whether that be an adhesive, a secondary component of a composite, or a biological species. Coatings are among the most ancient technologies of humankind. Relatively soft coatings comprising organic materials such as blood, eggs, and extracts from plants were in use more than 20,000 years ago, and coating activity has been continuously practiced since then with gradually improving materials and application techniques. The fundamental purposes of protecting and/or decorating substrates have remained ubiquitous across all the centuries and cultures of civilization. This article attempts to extrapolate the long tale of change in soft coating technology from its current state by identifying some key problems that attract research and development efforts as our 21st century begins.
Humans have been decorating and protecting various surfaces for many thousands of years. One very useful way of accomplishing either or both of those tasks is to apply a thin layer of some new material with appropriate characteristics (of appearance, durability, adhesion, and application requirements) directly onto the surface of interest. That new material is a coating. Understandably, the early history of coatings is a story of very specialized, often unique material combinations, as trial and error achieved goals with only the materials at hand in nature. This heritage of customization is still detectable in the modern coatings world, which demands a tremendous amount from the materials-often synthetic but some still containing or made of natural products-to be thinly applied on a surface. They need to be easily and uniformly applied; set up within a reasonable amount of time and process constraints; have a minimal environmental impact in their synthesis, combina- 
